CONSPECTUS: Two-dimensional (2D) materials have attracted much attention in the past decade. They offer high specific surface area, as well as electronic structure and properties that differ from their bulk counterparts due to the low dimensionality. Graphene is the best known and the most studied 2D material, but metal oxides and hydroxides (including clays), dichalcogenides, boron nitride (BN), and other materials that are one or several atoms thick are receiving increasing attention. They may deliver a combination of properties that cannot be provided by other materials. The most common synthesis approach in general is by reacting different elements or compounds to form a new compound. However, this approach does not necessarily work well for low-dimensional structures, since it favors formation of energetically preferred 3D (bulk) solids. Many 2D materials are produced by exfoliation of van der Waals solids, such as graphite or MoS 2 , breaking large particles into 2D layers. However, these approaches are not universal; for example, 2D transition metal carbides cannot be produced by any of them. An alternative but less studied way of material synthesis is the selective extraction process, which is based on the difference in reactivity and stability between the different components (elements or structural units) of the original material. It can be achieved using thermal, chemical, or electrochemical processes. Many 2D materials have been synthesized using selective extraction, such as graphene from SiC, transition metal oxides (TMO) from layered 3D salts, and transition metal carbides or carbonitrides (MXenes) from MAX phases. Selective extraction synthesis is critically important when the bonds between the building blocks of the material are too strong (e.g., in carbides) to be broken mechanically in order to form nanostructures. Unlike extractive metallurgy, where the extracted metal is the goal of the process, selective extraction of one or more elements from the precursor materials releases 2D structures. In this Account, in addition to graphene and TMO, we focused on MXenes as an example for the use of selective extraction synthesis to produce novel 2D materials. About 10 new carbides and carbonitrides of transition metals have been produced by this method in the past 3 years. They offer an unusual combination of metallic conductivity and hydrophilicity and show very attractive electrochemical properties. We hope that this Account will encourage researchers to extend the use of selective extraction to other layered material systems that in turn will result in expanding the world of nanomaterials in general and 2D materials in particular, generating new materials that cannot be produced by other means.
■ INTRODUCTION
Usually, new chemical compounds or materials are produced by combining elements or compounds through chemical reactions, forming new chemical bonds and new structures. However, there are many cases known when selective corrosion, dissolution, or oxidation lead to formation of new structures. For example, dealloying one metal, such as copper, from its alloys, (Cu−Au 1 or Cu−Pt 2 ) results in nanoporous metals. Similarly, etching metals from metal carbides results in forming carbide derived carbon (CDC), with a high specific surface area and a tunable pore size. 3 The concept of selective extraction synthesis is simply based on the difference in reactivity of different elements in the compound under certain conditions, which allows some of the elements to leave the material producing unique nanostructures. It is worth noting that the different reactivity is not necessarily a result of different elemental composition, but it can be due to allotropic modifications or defects in the crystal structure, such as stacking faults in cubic (3C)-β-SiC whiskers. 4 This difference in reactivity resulted in an anisotropic etching in a mixture of hydrofluoric and nitric acids producing few-nanometer thick flakes and pagoda-like SiC nanostructures. 4 New two-dimensional (2D) materials such as transition metal carbides and carbonitrides, so-called MXenes, 5 were synthesized from their strongly bonded 3D layered counterparts by selective extraction. Herein we review the synthesis of 2D materials by selective extraction. The 2D materials covered include graphene, transition metal oxides, and transition metal carbides and nitrides (MXenes).
■ GRAPHENE
Heating single crystals of silicon carbide, SiC, under high vacuum (∼10 −6 Torr) 6 or under argon 7 produces epitaxial graphene. Due to the high vapor pressure of Si compared with C, 8 Si sublimes from the surface during heating and leaves behind a C-rich surface. Then the carbon rich surface graphitizes forming graphene. Formation of a single graphene layer requires decomposition of three layers of SiC. 6 A schematic for the process is shown in Figure 1 . 9 This technique was first reported by Van Bommel et al. 6 in 1975. It is worth noting that, in parallel to the early work by Novoselov et al., 10 Berger et al. 11 used SiC to produce few-layer graphene, and they explored graphene's electronic properties, but their paper was published about 6 weeks after ref 10 .
The surface termination of the SiC single crystal affects the number of graphene layers; in the case of the Si-face that corresponds to (0001), homogeneous few-layer graphene is formed; while in case of C-face corresponding to (0001̅ ), more disordered multilayer graphene is formed. Unique rotational disorder of the graphene layers was observed in case of C termination. 12 It is worth noting that changing the synthesis temperature or vacuum pressure may result in formation of other forms of carbon such as carbon nanotubes and graphite. 13 Heating rate was found to play an important role in the synthesis process, especially considering the surface steps on SiC, faster heating leads to larger single-layer graphene areas. 14 One of the advantages of using this technique is the ability to control the number of graphene layers by controlling the synthesis temperature and time. 15 More importantly, the graphene produced using this technique can be used on the SiC wafer as is, with no need for transferring to other substrates. This makes graphene, produced by the selective extraction of Si from SiC, promising for wafer-scale electronics applications. 16 A detailed review dedicated mainly to the graphene produced by this method can be found in ref 9 . It is important to mention that 2D but less ordered CDC can be produced by extracting metals from other carbides chemically 3 or electrochemically. 17 
■ LAYERED TRANSITION METAL OXIDES
Two-dimensional transition metal oxides (TMO) have attractive properties, and they are promising for many applications varying from electronics 18 to electrochemical energy storage. 19, 20 In layered TMOs (Figure 2 ), each layer is a negatively charged slab of corner-or edge-shared octahedral units of MO 6 (M is Ti, Nb, Mn, W, etc.) with alkali cations (K + , Cs + , etc.) filling the interlayer spacing. 21 Unlike graphene and transition metal dichalcogenides (TMDs), the negatively charged layers here are ionically bonded together through the alkali cations. 21 Thus, selective extraction is usually needed to exfoliate these layered oxides, which involves selective leaching of the alkali cations. 18 Layered vanadium (V 2 O 5 ) and molybdenum (MoO 3 ) oxides can be considered exceptions, because of weak van der Waals bonds between the layers, so no leaching is needed to produce 2D layers of them. The reaction between layered TMO and aqueous acids, for example, HCl, results in the etching of the alkali cations from between the layers and their replacement with protons. 21,23−25 Sugahara et al. 26, 27 reported that protonated layered perovskite can be also produced by selective etching of bismuth oxide sheets from Aurivillius phases. The protonated TMO layers can be considered as a solid acid that has a high affinity for bases. 23 Therefore, immersing the protonated TMO in organic base, such as tetrabutylammonium (TBA) hydroxide, results in exchanging the protons with organic cations, for example, TBA + , accompanied by a drastic increase in the interlayer spacing. 18, 28 Then, TMOs are delaminated by mild sonication 29 or simply by shaking, 30 forming colloidal solutions of 2D layers. The use of tetramethylammonium (TMA) instead of TBA resulted in 2D layers of TMO with larger lateral size. 31 The larger size of TBA results in larger mechanical stress and, in turn, fragmentation of the TMO layers into pieces. 31 For more details about 2D layers of TMO, we refer the readers to comprehensive reviews by Sasaki et al. 18, 21 ■ TRANSITION METAL CARBIDES AND
CARBONITRIDES (MXENES)
Transition metal carbides and nitrides (TMC/Ns) possess high electrical and thermal conductivities, good mechanical properties, and chemical stability. 32, 33 Most of the TMC/Ns have the rock-salt structure, but some have a hexagonal structure (e.g., V 2 C). 34 In all cases, strong bonding (mixture of metallic, covalent, and ionic) is common, and 2D TMC/Ns were not known before 2011. 35 However, TMC/N layers separated by other atoms exist in a large family (>70 members) of layered ternary compounds with hexagonal structure (P6 3 /mmc), called MAX phases. 36 They have a general formula of M n+1 AX n , where "M" is an early TM (Ti, Nb, Mo, etc.), "A" is a group A element (Al, Si, Sn, etc.), "X" is carbon or nitrogen or both, and n = 1− 3. 36 Mn containing MAX phases were synthesized recently.
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Also, solid solutions on the M site, such as (Ti 0.5 Nb 0.5 ) 2 AlC, and on the A site, such as Ti 3 (AlSi)C 2 , exist, in addition to carbonitrides, such as Ti 3 AlCN. As shown in Figure 3a , the crystal structure of MAX phases can be described as layers of edge shared M 6 X octahedrons intercalated with pure A-group element layers. Depending on the n value, the thickness of the M n+1 X n changes; if n = 1, then the layer consists of a single block of octahedra, if n = 2, two blocks, and if n = 3, three blocks of octahedra. Also, hybrid crystals of MAX phases were reported, such as Ti 5 Al 2 C 3 , which is a mixture of Ti 2 AlC and Ti 3 AlC 2 .
38 Similar to TMC, the bonds between the M and X are covalent−ionic, while those between M and A are metallic making mechanical exfoliation reported for graphite, boron nitride, and TMDs 39 difficult. Zhang et al. 40 reported on the exfoliation of Ti 3 (Si 0.75 Al 0.25 )C 2 by sonication in various solvents. The solid solution of Si−Al in the A layer weakened the bonds and facilitated the exfoliation process, because the same treatment on Ti 3 SiC 2 did not result in any exfoliation. 40 In most MAX phases, the A layer is more reactive than the M n+1 X n layers. Taking advantage of the difference in reactivity, the A layers were selectively etched from MAX phases in aqueous hydrofluoric acid (HF) at room temperature leaving stacks of M n+1 X n 2D layers. 5,35,41−43 As a result of etching the A layers, the M atoms on the outer surface are terminated with functional groups (OH, O, or F), referred to as T x , and metallic bonds between M n+1 X n layers through the A atoms were replaced by weak bonds between surface functional groups. Sonicating the M n+1 X n T x stacks resulted in separation of 2D layers. We named them "MXenes" as derivatives from MAX phases but without the A atoms with the suffix "ene" to emphasize their dimensionality analogous to graphene. Figure  3b shows a typical scanning electron microscopy (SEM) image for a stack of MXenes, while Figure 3c shows a cross-sectional TEM image of MXene sheets after sonication. So far, the following MXenes have been reported experimentally: Ti 3 C 2 T x , 35, 44 Nb 2 CT x , V 2 CT x , 41 Ti 2 CT x , (Ti 0.5 Nb 0.5 ) 2 CT x , (V 0.5 Cr 0.5 ) 3 C 2 T x , Ta 4 C 3 T x , Ti 3 CNT x , 42 and Nb 4 C 3 T x . 43 Many more are expected to be stable. 45, 46 While all the MXenes reported to date were synthesized from their aluminum-containing MAX phase counterparts, the etching conditions varied significantly. 5 For example, to etch Al from Ti 2 AlC in order to produce Ti 2 CT x , 10% HF for 10 h at RT was sufficient, 42 while in the case of Nb 2 AlC, 50% HF for 90 h at RT was needed. 41 This can be explained by the different bond energies between the outer M atoms in the M n+1 X n and the A atoms; for example, the bond energy of Nb−Al is higher than that of Ti−Al. 47 The etching time can be reduced significantly by decreasing the particle size or increasing the temperature slightly (<65°C). 48 Excessive heating may result in complete dissolution of carbide 42 or recrystallization of the MXene layers. 49 For example, hydrothermal treatment of 51 This completely eliminates the use of HF as a starting reagent but still does not eliminate fluorine from the system. Xie et al. 52 attempted to use a fluoride-free reaction by treating Ti 3 AlC 2 with aqueous 1 M NaOH for 100 h at 80°C followed by hydrothermal treatment in 1 M H 2 SO 4 at 80°C for 2 h, but Al was etched only from the outer surface of the MAX phase. Clearly, more efforts are still needed to develop a fluoride-free synthesis procedure of MXenes.
The as-synthesized MXenes have a morphology very similar to exfoliated graphite ( Figure 3b) ; 53 also their electric resistivities are comparable to multilayer graphene. 42 Similar to graphene, some of the MXene sheets scroll up during sonication (Figure 3d) . 35 In addition to being electronically conductive, MXenes are hydrophilic. 42 This combination of hydrophilicity with good electrical conductivity is rare in 2D materials. Intercalated epitaxial films of MXenes with thickness around 19 nm transmit about 90% of light in the visible-toinfrared range (Figure 3e) . 50 Intense surface plasmons were found for Ti 3 C 2 T x at low energies (∼0.3 eV). 54 Many compounds were found to intercalate chemically, spontaneously, between the MXene layers, including hydrazine, polar organic molecules, such as urea and dimethyl sulfoxide (DMSO), 55 and cations. 56 This intercalation ability was explained by the weak coupling/interaction between the MXenes layers, 54 and the negative surface charge of MXenes. The intercalation increases the c lattice parameter (LP) of MXenes, 55−57 but for some cations, a decrease in the a LP was also observed. 58 Intercalation of DMSO between the layers of Ti 3 C 2 T x was accompanied by co-intercalation of water that resulted in a significant increase in the interlayer spacing, so sonicating DMSO-intercalated MXene in water resulted in delamination of the MXene layers forming a stable colloidal solution (bottom right side inset of Figure 3f) . 55 The majority of 1 nm-thick MXene flakes in the colloidal solution have lateral size of around half a micrometer, while some flakes have a lateral size of few micrometers. 55 The surface of the as synthesized Ti 3 C 2 T x flakes in water is negatively charged with a ζ-potential of about −40 mV. 59 As shown in Figure 3d , filtering this suspension resulted in a flexible MXene paper. The latter showed excellent performance as an electrode for Li-ion batteries (LIBs) 55 and electrochemical capacitors. 56 It was found experimentally that intercalation changes the electronic and optical properties of MXenes, 50, 55 showing a potential for sensor applications and coatings with electrochemically tunable color or transparency.
Modeling and simulation, including density functional theory (DFT), were used extensively to understand MXene structure, to predict properties, and to identify applications. 45,46,60−80 For example, MXenes are expected to be quite stiff with in-plane elastic constants from 512 to 788 GPa, depending on the composition. 71 Ti 2 C MXene is expected to be less stiff than graphene and h-BN but comparable to MoS 2 . 65 The MXenes' band gaps are expected to be between 0 and 2 eV. The electronic properties range from metallic to semiconducting depending on the surface termination. 35 , 45 The latter is not limited to O, OH, and F, but also methoxy and other terminations are expected to be stable. 74 Semiconductor MXenes are expected to have very high Seebeck coefficients at low temperatures (1140 μV/K at 100 K for Ti 2 CO 2 ), suggesting thermoelectric applications are possible. 45 Cr 2 CT x and Cr 2 NT x are predicted to be ferromagnetic, 45 and the magnetic moments of MXenes can be tuned by exerting mechanical strain. 73 Also, strain is predicted to result in a change from indirect to direct band gap in Sc 2 CO 2 . 72 Relatively few of the potential applications of MXenes have been explored. Due to their electrical conductivity and intercalation ability, MXenes showed promising performance as electrodes for LIBs with an excellent rate handling capability, 41, 55, 81 which was explained by a low Li diffusion barrier on the surface of MXenes. 77, 79 Also, it is expected that the diffusion barrier would not be affected by the Li concentration or strain, and mechanical properties of Ti 2 C MXenes would not be affected by the Li adsorption. 80 Most of the work was done on the as-synthesized MXenes without control of the surface chemistry, which is expected to play a pivotal role in enhancing MXenes' performance. 77, 79 In addition to LIBs, MXenes showed, experimentally, promise in Na-ion and K-ion batteries 78 and are predicted to have high capacity for multivalent ions such as Ca 2+ , 67, 78 Mg
2+
, and Al 3+ .
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MXenes are also expected to show high hydrogen uptake, 68, 69 for example, 9 wt % in Sc 2 C.
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Ti 2 CT x MXene was used as a Li-ion hosting electrode in asymmetric Li-ion capacitors and exhibited an energy density of 30 Wh/kg at a power density of 930 W/kg for 1000 cycles. 57 An outstanding volumetric capacitance exceeding 330 F/cm 3 , which did not change after 10 000 cycles (Figure 4a) , was achieved when Ti 3 C 2 T x MXene was used as an electrode material for electrochemical capacitors in KOH electrolyte. 56 This high capacitance was explained by the cation intercalation between the MXene layers. 56, 82 Values up to 900 F/cm 3 were reported using H 2 SO 4 electrolyte. 51, 83 MXenes' morphology, composition, and stability make them attractive as supports for catalysts including Ru, 84 Cu 2 O, 85 and Pt in fuel cells and in oxygen reduction reactions. 52, 86 Ti 3 C 2 T x treated with NaOH showed selective and fast Pb(II) adsorption (140 mg/g); equilibrium was achieved within 2 min (Figure  4b ), which is faster than most other materials. 87 This suggests MXenes also have potential for water purification.
Oxidation of MXenes results in formation of a TMO on atomically thin carbon ( Figure 5 ) 88 by the reaction: Ti 3 C 2 O 2 + 2O 2 = 3TiO 2 + 2C. These hybrids can be used for electrochemical energy storage applications including LIBs and pseudocapacitors.
Extending the extractive synthesis approach to other materials may lead to many novel nanostructures. For example, as shown in Figure 6a , selective dissolution of titanium and carbon from layered Ti 2 SC could result in 2D layers of sulfur. Similarly, 2D layers of Si could be synthesized from Ti 3 SiC 2 . Selective etching of metal from ternary carbides is not limited to 2D structures and can be extended to materials other than MAX phases to produce porous networks and unique nanostructures. Etching Al from cubic Mo 3 Al 2 C (Figure 6b ) 89 could potentially form a highly porous network of Mo 6 C clusters, which could be promising as a catalyst. This is a powerful approach that led not only to graphene, the most studied material nowadays, but also to a new family of 2D carbides and nitrides. We envision its application to other material systems in the future. Large area graphene sheets were synthesized from SiC by sublimating Si at high temperatures. Two-dimensional TMOs were produced from their layered 3D counterparts by selective etching of the alkali cations followed by protonation of the surfaces, then exchange of the protons with large organic molecules. After that, the intercalated TMO can be delaminated, forming a colloidal solution. 
